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a b s t r a c t 

E-fuels are a very attractive way for improving the well-to-wheel emissions of CO 2 in internal combustion 

engines. In the particular case of compression ignition engines, the Oxymethylene dimethyl ether (OME X ), 

an e-fuel with nearly soot-free combustion under mixing-controlled conditions, is a good candidate for 

the replacement of fossil fuels. However, the Lower Heating Value of OME X is nearly half of the diesel 

fuel, which means that much longer injection durations are required in the real engine. In addition, the 

very low viscosity and lubricity of OME X can damage the injection system if used pure, but it can be 

an interesting fuel when blended with conventional diesel. Thus, the main objective of this paper is to 

evaluate the potential of OME X -diesel blends to bypass these OME X limitations whilst keeping low soot 

formation trends. For this purpose, a single cylinder optical diesel engine at part load was employed. 

The soot production for the different fuel blends was analyzed by applying three different high-speed 

imaging techniques: natural luminosity, flame spectroscopy and 2-color pyrometry. Natural luminosity 

analysis showed that the flame light intensity scales with diesel fraction up to 30% of diesel in the blend. 

The spectroscopy analysis has revealed that soot formation of OME X fuel is almost null. When blended 

with diesel at 50%, although soot formation is still lower than for pure diesel, higher soot levels are 

obtained in the last stages of the cycle as a consequence of the longer injections required. 

© 2021 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

It is well known that the transportation sector is constantly 

volving towards a cleaner propulsion systems. Regarding light 

uty vehicles, the utilization of hybrid and electric technologies 

n replacement of the internal combustion engines [1] has taken 

reat relevance. In contrast, regarding medium and heavy-duty ap- 

lications, the current scenario points to a long life for the diesel 

ngines. This statement can be based on the high efficiency of this 

echnology as well as the dynamism and energy density provided, 

hich are important factors for this kind of activities (e. g., freight 

ransport). 

In this context, it is of big interest for researchers and the auto- 

otive industries to find new solutions for pollutant reduction and 

fficiency improvements in ICEs. In this scenario, renewable fu- 

ls have been considered as an alternative to achieve both cleaner 

ombustion and fossil-fuel dependency reduction. Among these fu- 
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ls, it can be highlighted the biofuels and e-fuels. Biofuels are pro- 

uced from the biomass or organic matter. In contrast, e -fuels are 

ynthetic fuels which are produced using renewable energy and do 

ot compete with foodstuffs, as they use CO 2 as raw material. They 

re considered as a promising way to chase carbon neutrality, dras- 

ically reducing the footprint of vehicles from its life-cycle perspec- 

ive [2] . 

Among the e-fuel types, synthetic oxygenated fuels as the 

xymethylene dimethyl ethers present interesting characteristics. 

ME X are C 1 -oxygenated fuels with the molecular structure CH3- 

-(CH2-O)x-CH3, where x represents the chain length. As it in- 

reases, the oxygen content, density and cetane number also in- 

rease [3] . These molecules do not have direct carbon bonds (C 

–C) 

3] which, in combination with the oxygen content, provide low 

r even negligible soot emissions [4] . During the first stages of 

ombustion, OME X forms hydroperoxides, which are decomposed 

n OH-radicals. They promote an oxidation process which brakes 

he soot precursors [5] . In addition, these fuels allows the utiliza- 

ion of high EGR rates to reduce NO x emissions without penaliz- 
stitute. This is an open access article under the CC BY license 
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Nomenclature 

2C Two color pyrometry 

AFR Air-fuel ratio 

CA50 crank angle when 50% of total heat released is 

achieved 

CAD Crank angle degree 

CI Compression Ignition 

CO 2 Carbon dioxide 

C r Compression Ratio 

EGR Exhaust Gas Recirculation 

FPS Frames per second 

ICE Internal combustion engines 

IMEP Indicated mean effective pressure 

LHV Low heat Value 

NL Natural Luminosity 

NO X Nitrogen dioxide and monoxide 

OEM Original Equipment Manufacturer 

OME X Oxymethylene dimethyl ether 

Pinj Injection pressure 

Pint Intake pressure 

RoHR Rate of heat release 

RoHR Rate of heat release 

rpm engine speed 

Tcool Coolant temperature 

Tint Intake temperature 

Toil Oil temperature 

UV Ultraviolet 

WTW well-to-wheels 

O100 Pure OME X 
D100 Pure diesel 

O50D50 50% OME X and 50% diesel 

O90D10 90% OME X and 10% diesel 

O80D20 80% OME X and 20% diesel 

O70D30 70% OME X and 30% diesel 

ng in soot formation, which means a reduction of the well-known 

oot-NO X trade-off [6] . 

OME X presents good characteristics to be directly used in diesel 

ngines without the necessity of fuel injection system modifica- 

ions [7] . The most similar characteristics to diesel fuel are found 

or blends of OME 3–5 , (X varies between 3 and 5) that can be

sed in a pure liquid form [8] . They offer a high boiling point

no pressurized tank is required) and viscosity when compared to 

ME 1 and DME (dimethyl ether), for example. The cetane num- 

er of OME 3–5 mixtures is between 70 and 100. It is higher than 

onventional diesel, which guarantees better ignitability and lower 

gnition delay [9] . Additionally, OME X offers a shorter combustion 

uration than diesel [10] . On one hand, the premixed phase is re- 

uced in comparison with the fossil fuel. Its higher cetane num- 

er diminishes the ignition delay and, consequently, the amount of 

uel burned during this phase. In combination with a minor lower 

eating value (LHV), this reduces the maximum rate of heat re- 

ease (RoHR) peak [11] . On the other hand, during the diffusive 

hase, OME X is characterized for promoting faster burn out. Dur- 

ng this phase, the high oxygen content in the molecule diminishes 

he need of oxygen from the air, which improves the oxidation rate 

12] . The shorter combustion duration also increases the thermal 

fficiency, mainly for low and medium engine loads [13] . Regard- 

ng pollutant formation, results have shown that soot emission are 

trongly reduced regardless the AFR used [ 14 , 11 ]. In addition, un-

er EGR conditions, it is possible to decrease the NO X emissions 

ithout impacting soot emissions and achieving the emissions reg- 

lations target [ 15 , 16 ]. In addition, it was proved that for longer
2 
ME X chain lengths ( X = 5), the NO X emissions are lower [14] .

n contrast, the main drawback is the lower LHV of these fuels in 

omparison to diesel. This makes it necessary to use longer injec- 

ion durations, which can be problematic for high engine load and 

peed operating conditions [2] . 

The potential of OME X fuels to promote low soot formation and 

eplace the fossil diesel is evident. However, considering its limi- 

ations, blending it with diesel seems an attractive solution to in- 

rease the fuel LHV while keeping low soot formation levels [ 7 , 17 ].

n this context, the optical techniques allow to provide more in- 

ight regarding the chemical and physical processes that govern 

he OME X combustion and soot formation. Some optical investi- 

ation have been performed in constant volume vessels [ 8 , 3 ] and

apid compression machines [18] . However, these tests are focused 

n the analysis of spray characteristics. In contrast, research in- 

olving combustion of OME X in facilities like optical engines un- 

er real operating conditions, including spray-wall interaction and 

eal flow movement, are very scarce. This kind of studies are ex- 

remely important for understanding the combustion process evo- 

ution and flame behavior under realistic operating conditions, as 

ell as to corroborate the conclusions reported in previous studies 

erformed in metal engines or optical test rigs. 

Considering all the above mentioned, the current study has the 

bjective of studying the soot formation when using different sub- 

titution rates of diesel in OME X , focusing on how the soot for- 

ation increases as the diesel content increases in the blend. The 

resent paper aims to fill an important gap regarding the compre- 

ension of the influence of the diesel fraction when it is mixed 

ith OME X , which promotes low soot formation, under real engine 

perating conditions. 

In previous works [19] , it has been observed that the OME X 
ame emits radiation. However, it was not possible to identify 

f it comes from the soot formation or from the chemilumines- 

ence of chemical species. One possible way for identifying the 

ource is through emissions spectroscopy analysis [ 20 , 21 ], where 

he species are identified by specific emission wavelengths. In or- 

er to address this question and fulfill the objective of this work, 

ifferent approaches were considered in the study: Natural lumi- 

osity imaging, high-speed emissions spectroscopy, 2-color pyrom- 

try and in-cylinder pressure analysis. Neat OME X , OME X -diesel 

lends (O90D10, O80D20, O70D30 and O50D50) and neat diesel 

ere tested and analyzed. 

The results have confirmed zero soot formation when the en- 

ine was operated with pure OME X . When it is blended with 

iesel, this fuel could be added up to 20% of mass substitution rate 

ithout significantly increasing soot formation. From 50% of diesel 

ass, the benefits of OME X starts to disappear, and the differences 

etween blends of OME X -diesel and neat diesel become very small. 

. Experimental tools and methodology 

.1. Engine 

The experimental tests were performed in an optical diesel en- 

ine, as shown in Fig. 1 , with a Bowditch design and a cylindrical-

haped bowl piston. Its geometry is summarized in Table 1 . The 

ylinder bore and stroke are based on a 1.6 L GM commercial 

iesel engine. The engine is also equipped with the GM commer- 

ial cylinder head, with a centrally positioned injector with 8 holes. 

dditionally, the cylinder head includes 2 intake valves and 2 ex- 

aust valves per cylinder. A conventional high-pressure pump and 

ommon rail are used for the injection system. A DRIVVEN® con- 

rol unit drives the injector and controls the fuel injection and 

umber of injections per cycle. The optical access to the combus- 

ion chamber is achieved through a quartz window located at pis- 

on bottom. The window is made of Suprasil 1 fused silica. In or- 
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Fig. 1. Optical engine parts. 

Table 1 

Optical engine characteristics. 

Engine type 4 stroke, direct injection 

Number of cylinders [-] 1 

Number of Valves [-] 4 

Bore [mm] 80 

Stroke [mm] 80.1 

C r [-] 11 

Displacement [l] 0.402 
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er to reduce the optical access fouling and prevent thermal stress, 

xperiments were performed using a skip-fire strategy (allowed by 

he control unit). Fuel was injected 1 out of 20 cycles. 

The instantaneous intake and exhaust pressure were mea- 

ured with a piezoresistive transducer (Kistler-4603B10). The in- 

ylinder pressure was obtained by using a piezoelectric transducer 

AVL/GH13P), which was installed in the glow plug holder of the 

ylinder head. The transducers were connected to a charge am- 

lifier (Kistler 4603B10). An oscilloscope (Yokogawa DL708E) was 

sed for recording the pressure signal, which was synchronized 

ith a crankshaft encoder, with 0.2 CAD resolution. A home-built 

cquisition system, named SAMARUC, was used for the acquisition 

f mean variables such as mass air flow, intake and exhaust tem- 

erature, oil temperature, etc. The Table 2 represents the accuracy 

f the different devices used for the experiments. A screw com- 
3 
ressor provided the intake air at the required pressure and a valve 

ocated at the exhaust system simulated the backpressure. Before 

he intake air enters the cylinder, it is conditioned by a dryer and 

 heat exchanger. Additionally, the required intake air temperature 

s ensured by an air heater located just before the intake port. 

.2. Optical measurements 

Spectroscopy in the UV–visible range and flame natural lumi- 

osity imaging techniques were applied for the current study. The 

ptical assembly setup is presented in Fig. 2 . The flame radiation 

hat comes from combustion chamber goes through the transpar- 

nt piston bowl and gets reflected by the 45 0 elliptical mirror. The 

urface of the 45 ° optical mirror used to look through the piston 

ottom access is made of enhanced aluminum, which is specified 

o offer a good reflection efficiency in the UV and the visible range. 

he mirror ensures a reflection efficiency above 85% between 250 

nd 700 nm. Then, radiation reaches a quartz neutral density fil- 

er. It is made of fused silica with an optical density of 0.15. This 

lter reflects a small fraction (15%) of the incident light towards a 

igh-speed camera to record the flame natural luminosity images. 

ost part of the incident light is transmitted (70%) to the spec- 

rograph in the VIS-UV range. This configuration allowed to obtain 

atural luminosity images and the spectrum measurements simul- 

aneously. For each experiment, 15 combustion cycles were regis- 

ered. This was conditioned by the piston fouling caused by soot. 
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Table 2 

Accuracy of the sensors. 

Variable Device Manufacturer / model Accuracy 

In-cylinder pressure Piezoelectric transducer AVL / GH13P ±1.25 bar 

Intake/exhaust pressure Piezorresistive transducers Kistler /4045A10 ±25 mbar 

Temperature in settling chambers and manifolds Thermocouple TC direct / type K ±2.5 °C 
Crank angle, engine speed Encoder AVL / 364 ±0.02 CAD 

Air mass flow Air flow meter Sensyflow / FTM700-P < ±1% 

Fig. 2. Optical assembly. 
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Table 3 

Shutter speed and gain used for the different fuel blends. 

Fuel Shutter speed [μs] Gain (999 max.) 

Spectroscopy camera O100 99.75 850 

O90D10 99.75 850 

O80D20 99.75 850 

O70D30 58.49 850 

O50D50 24.76 850 

D100 39.75 800 

Natural Luminosity camera O100 98 –

O90D10 14.3 –

O80D20 1.3 –

O70D30 0.3 –

O50D50 0.2 –

D100 0.2 –

w

(

T

n

he neat diesel was the most critical fuel in this sense, hindering 

easurements above 15 combustion cycles. 

A Photron Fastcam Nova – S9 (high-speed CMOS) was used for 

egistering the natural luminosity of the flame. A Carl Zeiss Makro- 

lanar T 100 mm f/2 ZF2 lens was assembled to the camera. It was

et to record at 10,0 0 0 fps (approx. 0.5 CAD resolution at 1250 rpm

f engine speed) with an image size of 640 × 944 pixels. Dif- 

erent exposure times were employed for each fuel blend tested 

o prevent image saturation. The exposure times were reported in 

able 3 . An intensity correction was applied during the image post- 

rocessing to correct these differences. The image acquisition was 

riggered with the injection electric pulse. 

For the high-speed spectroscopy acquisition, a Jobin Yvon 

oriba 180 spectrograph coupled with a Hamamatsu C10880–

3F high-speed intensifier and a Photron SA5 Fastcam (high- 

peed CMOS) were used. The spectrograph was equipped with 600 

roove/mm grating. The camera was set to record at 10,0 0 0 fps 

ith an image size of 896 × 848 pixels. The different values of 

ain and exposure time are represented in Table 3 . This provided 

 wavelength bandwidth of 170 nm per image. Thus, in order to 

over the desired spectrum range, measurements were performed 
fl

4 
ith the grating centered at three different wavelengths: 330 nm 

245–415), 400 nm (315–485) and 470 nm (385–555) respectively. 

he entrance slit width was set to 0.1 mm for an optimum combi- 

ation between light intensity and a good spectral resolution. The 

ame radiation from the combustion chamber was focused with a 
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Fig. 3. Combustion chamber region considered for spectroscopy analysis . (For interpretation of the references to colour in this figure legend, the reader is referred to the 

web version of this article.) 
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Table 4 

Fuel properties. 

EN 590 diesel OME X 

Density [kg/m 

3 ] ( T = 15 °C) 842 1067 

Viscosity [mm 

2 /s] ( T = 40 °C) 2.929 1.18 

Cetane number [-] 55.7 72.9 

Carbon content [% m/m] 86.2 43.6 

Hydrogen content [% m/m] 13.8 8.82 

Oxygen content [% m/m] 0 47.1 

Lower heating value [MJ/kg] 42.44 19.04 
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V Nikon objective (105 mm focal length), coupled to the entrance 

lit. 

The selected slit width resulted in a field of view, which is rep- 

esented in Fig. 3 . The spectroscopy measurement region (high- 

ighted) includes half of the bowl. An image from the field of view 

as acquired based on the “zero order” diffraction of the grating. 

n this configuration, the radiation is not decomposed per wave- 

engths and a conventional image is obtained. When radiation is 

ecomposed, the spectrum is split along the horizontal axis of the 

mage while the vertical axis corresponds to the vertical location 

ithin the field of view. 

A calibration was performed by using a mercury-argon light 

ource with a known discrete emission spectrum. During this first 

tep, each horizontal pixel of the registered spectra was converted 

o a specific wavelength. In addition, as the grating efficiency varies 

ith the wavelength, a second correction of the spectra inten- 

ity was performed to compensate this effect. As a reference, a 

ungsten-ribbon calibration lamp, with a known continuous emis- 

ion spectrum [22] , was used. For each recorded instant, a mean 

ntensity value per wavelength (horizontal axis) was calculated 

onsidering only the pixels (in the vertical axis) corresponding to 

he measurement region shown in Fig. 3 . 

The tungsten-ribbon lamp allows also to calibrate the system 

o transform digital levels to light intensity of radiation (W/(sr 

 

2 nm)). This information has been used to perform a similar anal- 

sis to the one characteristic of 2-Color pyrometry [ 19 , 23 ]. By using

he light intensity of two different wavelengths, the Planck law and 

he soot emissivity equations can be solved and the soot KL factor 

optical density) as well as the soot temperature can be calculated. 

he wavelengths 450 and 530 nm were used for the 2C analysis. 

he first one is large enough to guarantee a small influence of the 

hemiluminescence radiation of the flame. The second one is sep- 

rated from the grating edge, where the grating efficiency is poor 

and correction is not reliable). The KL values are calculated from 

he mean intensity of radiation obtained for each wavelength. 

.3. Fuels and operating conditions 

Commercial diesel and OME X , as well as several blends of them, 

ere studied in the current work. The main fuel properties are 

resented in Table 4 . It is important to highlight the differences 

n terms of LHV, which is much lower for the OME , as well as
X 

5 
he much higher oxygen content in comparison with diesel. An- 

ther important factor is the higher Cetane number for the OME X, 

hich impacts directly in ignition delay and the energy released 

uring the premixed phase. The blends are in mass and they were 

btained by mixing different percentages of diesel in neat OMEX. 

10%, 20%, 30% and 50%) . The miscibility of diesel and OME X was 

nalyzed for different percentages . For blends up to 50% of diesel 

he results were satisfactory. In addition, previous works have al- 

eady been used the same percentages of diesel blended in OME X 
 15 , 16 ]. 

The test matrix and engine conditions used in this work are 

epresented in Table 5 . Tests were performed at around 9.2 bar 

MEP ( Fig. 4 ) and a constant engine speed of 1250 rpm. The in-

ection timing and duration were adjusted for each fuel, trying to 

eep the same IMEP and similar CA50. All IMEP values are around 

.2 bar with small variations (specially for neat Diesel). However, 

hese conditions have been considered similar enough to perform 

he comparison of the different fuels tested. The intake pressure 

nd temperature were the same for all tests. Thus, a different in- 

ection strategy for each fuel was necessary ( Fig. 5 ). In order to

imulate more realistic operating conditions, an exhaust backpres- 

ure with 0.2 bar higher than intake pressure was employed. This 

ould be achieved by means of an electronically controlled valve 

ocated at the exhaust system. The coolant of the cylinder wall was 

ept between 15 0 C and 25 0 C. This is necessary for preserving the 

istons rings, which are produced from a synthetic material. 

A multiple injections strategy with 4 pulses, including two pi- 

ot, one main and one post injection, was employed for the cur- 

ent work. In Table 6 is presented the duration of each injection 

or each fuel blend. For all fuels tested, the injection pressure was 
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Table 5 

Engine test conditions. 

Fuel Inj. Pattern Engine Speed Pint (Bar) Pexh (Bar) Tint ( °C) Toil ( °C) Tcool ( °C) 

OME X Mult. 1250 2.15 2.35 100 60 15–

25 Diesel 

O90/D10 

O80/D20 

O70/D30 

O50/D50 

Fig. 4. IMEP for each fuel blend tested -% of diesel in OMEX. 

Fig. 5. Injector energizing strategies applied for each blend. 

Table 6 

Injection durations. 

Fuel Pilot 1 [μs] Pilot 2 [μs] Main [μs] Post [μs] 

O100 373 400 1146 373 

O90D10 373 400 1065 373 

O80D20 373 400 1065 373 

O70D30 373 400 1040 373 

O50D50 373 400 1013 373 

D100 373 400 825 453 

Fig. 6. RoHR for neat OMEX and neat diesel. 

Fig. 7. Cumulative heat release for all fuel blends. 
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6 
ept at 800 bar. The strategy is based on original equipment man- 

facturer (OEM) used for standard engine calibration. In order to 

ompensate the lower OME X ‘s LHV and perform the tests under 

imilar IMEP for all the blends, the energizing timing of the main 

njection was adjusted for each of them. The Fig. 5 represents the 

lectric pulse only for the main and post injection, where the ad- 

ustment is performed. 
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Fig. 8. Flame natural luminosity for each blend tested. 
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. Results and discussion 

.1. High speed flame natural luminosity 

A first approach has been carried out, based on the flame nat- 

ral luminosity. It provides less information than other more com- 

lex measuring techniques. However, it is still useful to identify 

ifferences in terms of flame evolution and radiation between 

lends. As already discussed by several studies [ 24 , 25 ], the flame

ight intensity is one of the main indicator of soot concentration. 

he Figs. 6 and 7 , where the RoHR and cumulative HR are shown,

ill be used to explain and reference the flame events represented 

n Fig. 8 . The RoHR curves were calculated by using a model based

n the first law of thermodynamic [26] . In Fig. 8 , the flame natu-

al luminosity images for different crank angle degrees and differ- 
7 
nt fuel blends are represented. As it has been mentioned in the 

revious section, tests for each blend were performed with a dif- 

erent shutter speed configuration, due to the great variation on 

adiation intensity. Considering this, the measured intensity from 

ach blend was corrected, taking the neat OME X as reference. In 

his way, blends and pure fuels can be directly compared. The im- 

ges at 3.4 CAD represent the premixed combustion phase, where 

he soot formation rate is low as it is represented by the low ra- 

iation intensity observed for all the blends. At 7.1 CAD, combus- 

ion achieves the diffusive phase, and the soot formation ratio in- 

reases, represented by an important increase of flame broadband 

adiation. From this point, the differences between blends arise. 

or all the cases, the highest intensity regions are in the periph- 

ry of the bowl, where the flame-flame and flame-wall interactions 

re occurring. At this instant, the maximum luminosity intensity 
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Fig. 9. Accumulated intensity for the different fuel blends (logarithmic scale). 

OH*
HCO No soot
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Fig. 10. Spectrum at 10 CAD for the different blends. 
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ncreases significantly with diesel fraction, indicating that the soot 

ormation is increasing as well. At 10.9 CAD, the main injection for 

he blends and neat diesel has finished (not for neat OME X ) and 

he soot formed begins to be oxidized. For the blends up to 20% of 

iesel content, the soot generated during the main injection (ob- 

erved at 7.1 CAD) seems to be oxidized as the radiation observed 

t 10.9 CAD decreases in comparison with previous instants. The 

igh content of OME X in the blend could be promoting a faster ox- 

dation of previously formed soot. Above 20% of diesel, in contrast, 

he trend is the opposite. The radiation intensity is not decreas- 

ng and even the area covered by high intensity radiation grows, 

n comparison with the blends with less diesel fraction. This trend 

s clearer when moving to 14.6 CAD. At this instant, the blends 

ith lower diesel content (even O70D30) show a clear reduction 

f radiation intensity in comparison to that measured at 7.1 CAD. 

owever, for O50D50 and neat diesel it seems that soot concen- 

ration is still increasing as the high intensity radiation extends to 

lmost the whole piston bowl. Besides, up to 30% of diesel, it is 

ossible to see the jet of the post injection spreading in the flame 

ue to the faster oxidation that occurs during the main injection. 

n contrast, for O50D50 and D100, the soot cloud remaining inside 

he bowl still covers the combustion chamber and hides the post 

njection jets. When the post injection enters in the main injection 

ame and burns, the light intensity increases considerably. The ear- 

ier post injection of D100 could cause a larger increase of the radi- 

tion intensity in comparison to the other fuels at 14.6 CAD, but it 

s considered that this will not alter the soot trend observed when 

uels are compared. After that, during the late combustion stage, 

ome differences can be highlighted. 

Based on the above mentioned, it can be stated that as the frac- 

ion of diesel increases in the blend, the soot oxidation seems to 

orsen. If the cumulative heat release curve ( Fig. 7 ) is observed, 

arge differences are visible above 50% of total energy released 

around 15 CAD). At this stage, the cumulative heat release in- 

reases faster for the fuels with high OME X content and it extends 

p to the 80% of the total energy released. At first, this behavior 

ould be related to the different injection strategy of the blends in 

omparison to the one used for pure diesel. However, it is possi- 

le to see that O50D50 shows a heat release behavior more similar 

o D100. Therefore, the higher energy released between 15 and 30 

AD (around 50 to 80% of the total energy released) by blends with 

iesel content below 50% and pure OME X cannot be explained by 

he different injection strategy. For this reason, it has been related 

ith a higher soot oxidation rate during this stage, which is coher- 

nt with a faster burnout observed in the images and related to a 

aster decrease of soot concentration. It means that when diesel in- 

reases above 30%, the soot oxidation is worsened and the burnout 

rocess slowed down, which is confirmed by both natural luminos- 

ty and combustion heat release. 

The increase of luminosity intensity due to the addition of 

iesel was evaluated by calculating and comparing the total accu- 

ulated radiation intensity of each blend at every measured CAD. 

he results are shown in Fig. 9 . A logarithmic scale has been used

o allow the comparison between all blends tested. The figure is 

epresenting a range of CADs where the maximum accumulated in- 

ensity is achieved. As it can be seen, only a 10% of diesel is enough

o increase one order of magnitude the light intensity emitted by 

he flame. This could be linked with the soot formation increase 

aused by the diesel addition. As the percent of diesel added in 

he blend rises, the differences in terms of radiation intensity be- 

ome higher. This behavior is very clear up to 30% of diesel blend, 

here the difference in terms of absolute value increases as diesel 

ass increases. However, for 50% of diesel, the differences in com- 

arison with neat diesel (D100) are reduced. This suggests that the 

otential of OME X to promote less soot formation has a minimum 

ffect when diesel fraction increases above 50%. A similar behavior 
a

8 
hen using different diesel substitution rates in OME X was found 

y Garcia, et al. [15] in a metal engine. 

.2. High speed spectroscopy 

Despite it can be expected negligible soot formation by OME X , 

n Fig. 8 and Fig. 9 it is possible to see that the combustion of this

uel emits broadband radiation. However, it must be highlighted 

hat this signal includes the contribution of other sources differ- 

nt from soot. One of the most important is chemiluminescence. 

lthough it is weak in comparison to soot thermal radiation, it be- 

omes relevant when soot concentration is reduced, e.g. first or last 

tages of combustion or when using low sooting fuels like OME X . 

hus, based on natural luminosity imaging, it is difficult to state 

hether the radiation observed for this fuel is chemiluminescence 

r includes soot emission contributions. 

These uncertainties affect not only pure OME X but also the 

lends with low diesel content (specially O90D10). In order to 

roperly identify the dominating radiation source for each fuel 

ested, the use of high-speed spectroscopy is proposed. In contrast 

ith natural luminosity imaging, it is a spectrally resolved tech- 

ique which allows to characterize not only radiation intensity but 

lso the spectrum characteristics. 



J.V. Pastor, A. García, C. Micó et al. Combustion and Flame 230 (2021) 111437 

Fig. 11. Maps of the high-speed spectroscopy analysis for the different blends. 
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In order to highlight the differences among fuels, the spectra 

f the combustion process at 10 CAD are shown in Fig. 10 , for all

hem. As it can be observed, O100 presents a completely different 

pectrum in comparison with the other blends. The maximum in- 

ensity in the spectrum comes from the OH 

∗ emissions. The peak 

f OH 

∗ is broad due to the presence of several optics between 

ame and camera and the large spectrograph slit aperture used for 

he tests, which was necessary to achieve enough sensitivity. From 

20 nm, the light intensity starts to decrease rapidly, which con- 

rms the non-soot formation. Up to 30% of diesel, the OH 

∗ chemi- 

uminescence contribution can be identified in the spectra. From 

50D50, the high soot formation increases and the OH 

∗ chemi- 

uminescence signal disappears. In general, the light intensity and 

he slope of the curve increases in the visible range (450–500 nm) 

s the diesel concentration increases. This is a consequence of the 

igher soot formation. 

The maps presented in Fig. 11 show the temporal evolution 

f the radiation spectrum during the combustion process of 

he different blends. Each map represents the wavelengths in 

he x-axis, from 290 nm to 530 nm. The y-axis represents the 
9 
AD evolution. The first thing that can be confirmed with this 

echnique is the absence of soot during pure OME X combus- 

ion. Soot thermal radiation is characterized by an exponential 

ncrease of the intensity towards higher wavelengths (in the 

ange considered in this work). Thus, as this behavior is not 

bserved for OME x , it can be stated that no soot thermal ra- 

iation is detected. In contrast, it is possible to see at around 

10 nm that the OH 

∗ chemiluminescence radiation is very in- 

ense during all combustion duration, from the earlier to the 

ate combustion stages. During the first stages of the combus- 

ion process, the OH-radicals brake the precursors of the soot 

ormation. In addition, the high oxygen content could increase 

he near-stoichiometric zones, increasing the concentration of 

H 

∗. Additionally, a continuum band, centered around 380 nm, is 

isible. It can be associated with the HCO radical (Vayda bands 

rom 270 to 410 nm) [20] , which represents the transition from 

he low to high temperatures reactions [21] . Therefore, based on 

he spectrum analysis, it can be stated that natural luminosity 

mages represent mainly HCO emissions in the visible range 

above 400 nm). 
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Fig. 12. KL values for the different OMEX-diesel blends. 
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When diesel is mixed with OME X , characteristic soot thermal 

adiation appears as it can be observed that the intensity increases 

ith wavelength in the visible range. A 10% of diesel blended in 

ME X is enough to generate soot. However, its concentration is low 

s its radiation is not dominating the emission spectrum. Addition- 

lly, it can be observed that thermal radiation disappears quickly 

before 25 CAD) which suggests a fast soot oxidation. As the diesel 

ontent increases, more soot is generated and more difficult be- 

omes its oxidation. Up to 20% of diesel, the soot formed during 

ain and post injection can be easily distinguished. As it was ob- 

erved with natural luminosity images, the soot radiation gener- 

ted during the main injection drastically decreases. This suggest- 

ng a fast oxidation process before the start of the post injection 

vent. From 30% of diesel, soot emission increases. Furthermore, 

hen the post injection starts, the main injection radiation slightly 

ecreases, evidencing a clear reduction of the oxidation rate at this 

tage of the combustion process. For O70D30, it is still possible to 

ee an important OH 

∗ emission, which can be related with a high 

oncentration of this radical. It helps on completely oxidizing soot 

efore the piston achieves the 40 CAD. 

When diesel fraction is increased to 50%, the behavior drasti- 

ally changes. The characteristic OH 

∗ intensity peak observable in 

he blends until 30% of diesel cannot be identified for O50D50 and 

100. This could be associated with two main factors. The first one 

s related with the intensifier settings used for these two fuels. The 

onfiguration guaranteed no saturation in the visible range (where 

oot thermal radiation is more intense) but the sensitivity in the 

V-range was reduced. Therefore, the lower intensity of the OH 

∗

as not registered by the camera. The second factor is related with 

he attenuation of the OH 

∗ signal due to the high soot concentra- 

ion during the diffusion phase. This effect was already discussed 

n a previous works [ 19 , 27 ]. The spectra of O50D50 and D100 also

hows a similar soot formation and oxidation behavior. The radi- 

tion intensity levels are similar, and, in both cases, it is possible 

o see soot radiation up to 60 CAD. This confirms the trend ob- 

erved with natural luminosity ( Fig. 8 ) and the HR curve ( Fig. 7 ).

he higher slope of the curves for O50D50 and D100 suggest a 

igher chemical activity in comparison to the other blends late 

n the cycle. It can be concluded that the benefits of using OME X 
eems to be reduce significantly when it represents less than 50% 

f the mixture. 

As it has been described in the methodology section, the spec- 

rograph information can be used to evaluate soot concentration. 

or this purpose, a 2-color pyrometry algorithm is applied to the 

adiation intensity at 450 and 530 nm, for all the blends and D100 

pure OME X was excluded). Thus, an average soot KL evolution is 

alculated. Results are summarized in Fig. 12 . For O90D10, the KL 

alues were lower than the inferior limit (0.001) set for the calcu- 

ation, confirming very low soot formation. For O80D20, the soot 

ormed during de combustion process is higher and measurable. 

evertheless, it is still very low if compared with the remain- 

ng blends. The first remarkable KL increment is found between 

80D20 and O70D30. Thus, it can be stated that above 20% of 

iesel fraction its effect on soot formation is relevant. 

When comparing O50D50 and O70D30, it can be seen that, un- 

il 20 CAD, main differences are focused on the high peaks which 

orrespond to the combustion of the main and post injection. 

hese peaks are also visible for D100 but not for the blends with 

ess diesel content. Additionally, a great difference can be noted 

uring the oxidation phase, after 20 CAD. The soot of O70D30 ox- 

dizes much faster than O50D50 as the KL values decreases faster. 

n fact, it is notorious that the blend with the highest diesel frac- 

ion O50D50 presents clear difficulties to oxidize soot. 

When O50D50 is compared to D100, there are some important 

oints to be highlighted. First of all, as shown in Fig. 5 , the longer

njection duration results in longer oxidation time for the blend in 
10 
omparison to D100. In this case, although the soot formed during 

ain and post-injection combustion is higher, the injection dura- 

ion is much shorter and the oxidation process begins earlier. Ad- 

itionally, it must be pointed out that as long as we move later 

n the cycle, temperature and pressure decrease which hinders the 

xidation process. Another consideration is related with the sim- 

lar light intensity presented in the spectroscopy and natural lu- 

inosity analysis between the two fuels. In a first approach, re- 

ults suggested similar soot formation for both fuels. However, it 

ust be kept in mind that soot thermal radiation intensity is re- 

ated with its concentration but also with its temperature. In this 

ense, the 2-color pyrometry shows that soot formed by O50D50 

s lower than D100. This indicates that the high light intensity of 

adiation is also caused by a higher temperature. The higher peak 

f RoHR, as shown in Fig. 6 , could be increasing the temperature 

nside the combustion chamber in relation to the 100D. 

The 2-color pyrometry allows to establish a relative comparison 

etween blends. Based on these results, it can be stated that diesel 

an be added up to 20% of mass substitution rate without sig- 

ificantly increasing soot formation. An important soot reduction 

s well as an efficient oxidation process is still possible to obtain 

ith 30% of diesel in comparison to pure diesel. However, above 

0% of diesel, although soot formation is still lower than for 100D, 

igher soot levels reach later stages of the cycle as a consequence 

f the longer injections required. Thus, the potential benefits of im- 

roving soot oxidation disappear. To keep the same engine load, a 

rade-off exists between the capacity of OME X to reduce soot for- 

ation and improve soot oxidation and the necessity of longer in- 

ection durations due to its lower LHV. 

. Conclusions 

The combustion process as well as the soot formation for differ- 

nt OME X -diesel blends have been studied in the current work, fo- 

using on the influence of diesel substitution rate. Three different 

ptical techniques were used for the analysis: natural luminosity, 

pectroscopy and 2-color pyrometry. Results can be summarized 

elow: 

• The cumulative heat release curves showed that above 30% 

of diesel content, the oxidation velocity considerably decreases 

and extends the burnout process. 
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Fig. A2. Comparison between the tungsten-ribbon lamp measured spectrum (blue) 

with the grating centered at 470 nm, the one obtained after calibration (black) and 

the real spectrum (red). 
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• A 10% of diesel blend is enough for increasing in one order of 

magnitude the natural light intensity emitted by the flame. Up 

to 30% of diesel blend, the light intensity increases as the diesel 

mass quantity increases. Above 50% of diesel mass, the incre- 

ment in terms of light intensity reduced significantly. 

• The spectroscopy measurements have proven the absence of 

soot during pure OME X combustion. As diesel mass is increased 

in the blend, the radiation for higher wavelengths (related to 

soot thermal radiation) increases as well. 

• Significant OH 

∗ emission could be appreciated for the blends 

with up to 30% of diesel mass. This can be related with a high

concentration of this radical which helps oxidizing soot and its 

precursors before 40 CAD. 

• 2C pyrometry shows that the soot formation can be kept very 

low up to 20% of diesel mass substitution rate. For 50% of diesel 

content, the soot reduction is still remarkable. However, the 

longer injection duration in comparison to pure diesel extends 

the late soot oxidation. 
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ppendix A 

pectroscopy image calibration 

The signal registered by the high-speed camera that is coupled 

o the spectrograph needs to be calibrated in terms of wavelength 
 the corresponding spectrum obtained by applying the first step of the calibration 
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Fig. A3. Emission registered for pure Diesel with the grating centered at 470 nm (top) and the resulting spectrum (bottom) before and after the calibration procedure. 
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nd intensity of radiation to obtain an accurate emission spectrum. 

n this work, a procedure was developed which is described in the 

ollowing lines. 

The Fig. A1 shows an example of the signal acquired, which 

orresponds to one of the tests performed in this work. For each 

mage, the pixel coordinate in the x-axis is translated to the corre- 

ponding wavelength value (thanks to the calibration procedure). 

dditionally, for each column, all pixels are averaged to obtain a 

nique averaged intensity value per wavelength. 

The first step of the process consists of translating the x-axis of 

ach image capture by the high-speed camera to the corresponding 

avelength value. For this purpose, the discrete emission spectrum 

f a Mercury – Argon was used. The emission bands of this equip- 

ent allow to stablish the correspondence between the x-axis po- 

ition in the images and the corresponding wavelength, for all the 

rating positions used in this work. An example of this procedure 

s shown in Fig. A1 , where the imagen registered by the high-speed 

amera (top) is compared with the spectrum obtained by averag- 

ng the pixel intensity in the y-axis and identifying the wavelength 

f the main peaks of the image. 

The second step of the calibration procedure is focused on com- 

ensating the wavelength-dependent efficiency of the different op- 

ical elements and the grating. For this purpose, a tungsten-ribbon 

alibration lamp was used as reference [28] . This device presents 

hermal continuous emission spectrum, which was calibrated in 

aboratory providing the intensity of radiation (W/(sr m 

2 nm)) per 

avelength. The signal registered by the high-speed camera cor- 

esponding to this device is compared to its calibrated spectrum, 

o define a wavelength-dependent correction factor. It is assumed 

hat the efficiency at the central wavelength (where the grating is 

entered) is maximum. Then, the ratio between the signal at this 

avelength and at any other wavelength must be equal to the ratio 

etween the intensity of radiation of the lamp at the same wave- 

engths. Based on this, a calibration factor is calculated and ap- 

lied to the registered spectrum. In Fig. A2 , a comparison between 

he registered spectrum and the corrected one are shown. The real 

amp emission spectrum has been included as reference, which has 

een normalized to be comparable with the measured spectrum. 
12 
ata corresponds to a grating configuration centered at 470 nm. 

s it can be seen, the optical set-up efficiency is constant up to 

50 nm. After this, the efficiency starts to decrease. However, the 

alibration procedure can compensate this change of behavior and 

he corrected spectrum is close to the reference one. 

For each acquisition configuration (grating position, intensifier 

ain and shutter time), a specific wavelength-dependent correction 

actor needs to be calculated. Besides, it must be obtained using 

he same optical set-up as the one used in experiments. Otherwise, 

he efficiency of the optical elements not used in this procedure 

ill not be considered in the correction factor and it will affect its 

ccuracy. 

In Fig. A3 it is shown an example of the calibration procedure 

pplied to experimental data. It corresponds to pure diesel with 

he grating centered at 470 nm. The signal registered (top) is con- 

erted into an emission spectrum (bottom) applying the first step 

escribed in this appendix. Then, the correction coefficient calcu- 

ated based on the tungsten-ribbon lamp (second step) is applied 

o compensate for the efficiency of each optical element including 

he spectrograph, the intensifier, and the camera (bottom). 

The final step is to calculate a correlation between the inten- 

ity of radiation of the tungsten-ribbon lamp and the correspond- 

ng digital levels obtained by the optical set-up and the correction 

rocedure described above. This correlation is applied to exper- 

mentally measured combustion spectra to transform them form 

igital levels to intensity of radiation and apply the 2C pyrometry 

lgorithm. 
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